Abstract
Lead halide perovskites are attracting a great deal of interest for optoelectronic applications such as solar cells, LEDs and lasers because of their unique properties. In solar cells, heat dissipation by hot carriers results in a major energy loss channel responsible for the Shockley-Queisser efficiency limit. Hot carrier solar cells offer the possibility to overcome this limit and achieve energy conversion efficiency as high as 66% by extracting hot carriers. Therefore, fundamental studies on hot carrier relaxation dynamics in lead halide perovskites are important. Here, we elucidated the hot carrier cooling dynamics in all-inorganic cesium lead iodide (CsPbI3) perovskite using transient absorption spectroscopy. We observe that hot carrier cooling rate in CsPbI3 decreases as the fluence of the pump light increases and the cooling is as slow as a few 10 ps when the photoexcited carrier density is 7×10 18 cm -3 , which is attributed to phonon bottleneck for high photoexcited carrier densities. Our findings suggest that CsPbI3 has a potential for hot carrier solar cell applications.
Organic-inorganic hybrid perovskite solar cells have been evolving rapidly over the past five years and the record power conversion efficiency (PCE) has reached over 22%. MAPbI3 by using transient absorption (TA) spectroscopy. 39 The authors observed that a quasithermalized carrier distribution was created within 100 fs in MAPbI3, and the hot carriers cooled with a decay constant of a few 100 fs within the first 2 ps and then a slower one after 2 ps. This behavior was attributed to an average of hot electron and hole distributions. The influence of electron-phonon interactions was stressed and a phonon bottleneck was described, but the effect of organic cations remained an open question. Very recently, Yang and co-workers also studied the hot carrier cooling dynamics in MAPbI3 using TA technique, which was attributed to a hot phonon bottleneck related to a non-equilibrium LO-phonon distribution. The hot carrier cooling was slowed down by three to four orders of magnitude in time above a critical injection carrier density of ∼5×10 17 cm −3 . 40 On the other hand, Yamashita and co-workers calculated the hot-carrier lifetimes from electron−phonon interactions in CsPbI3 using first principles calculations. 41 Their results show that holes in CsPbI3 have very long lifetimes in the region situated 0.6 eV below the top of the valence band. They proposed that the slow hot hole cooling process may result from the smaller number of relaxation paths due to the low density of states in the valence band in CsPbI3, 41 although similar electron-phonon and hole-phonon processes, namely acoustic deformation and LO Fröhlich processes, are predicted from symmetry considerations. This is in sharp contrast to classical semiconductors. 42, 43 Very recently, Chung and co-workers studied hot carrier relaxation dynamics in CsPbBr3 and CsPbI3 perovskite nanocrystals using TA technique and ultrafast (<0.6 ps) hot carrier relaxation dynamics were observed. 44 In this study, we investigate hot carrier relaxation dynamics in bulk CsPbI3 film using TA technique. We show for the sign of a non-thermalized carrier distribution in CsPbI3 after ultrashort light pulse excitation. We observe that hot carrier cooling rate in CsPbI3 decreases as the fluence of the pump light increases and the cooling is as slow as a few 10 ps when the photoexcited carrier density is 7×10 18 cm -3 , which is attributed to the hot phonon bottleneck effect similar to the previous studies for bulk MAPbI3 and FAPbI3 39, 40 .
Immediately after excitation by a pump pulse with photon energy larger than the bandgap energy, electrons and holes are excited to higher excited states. Then, after the duration of the pulsed pump light irradiation, the photoexcited carriers begin to relax and lose their excess energy towards equilibrium through (1) carrier-carrier collisions and (2) phonon emission. 45 During the stage (1), carrier-carrier collisions result in a uniform distribution of the photocarriers that can be described by the Boltzmann distribution with a much higher temperature than the lattice temperature, and these carriers are called "hot" carriers. This is the "initial thermalization" of photocarriers and there is no energy lost. 45 During stage (2), hot carriers lose energy to the lattice through the emission of phonons. As a result, the total energy and the temperature of the carriers decrease with the phonon emission. Eventually, the carriers cool down and their temperature is the same as that of the lattice. This is the "hot carrier cooling" process. 45 In this study, we focus especially on hot carrier cooling process in the inorganic halide perovskite CsPbI3, which can be monitored using time-resolved TA spectra. The CsPbI3 samples were prepared on mesoporous Al2O3 layers using the method reported previously. 29 The details are described in the supporting information. In order to keep the crystal phase of the CsPbI3 perovskite film stable, some considerations in the experimental procedure were carried out. Before the perovskite deposition on the top of the mesoporous Al2O3 film, a
plasma treatment was performed. Then, the CsPbI3 synthesis was done in the glove box under nitrogen environment to avoid any contact with oxygen or moisture. Finally, before removing substrates from glove box, a thin film of a polymer poly(methyl methacrylate), i.e. PMMA, was deposited by spin coater in order to encapsulate the absorber film. The crystal structure of the CsPbI3 was confirmed to be cubic phase by X-Ray Diffraction (XRD) characterization as shown in Figure 1(a) . Figure S1 shows the XRD patterns of the sample measured soon after the preparation and 2 h after the preparation, which confirm that the phase transition of the CsPbI3 samples did not occur. The thickness was measured to be about 300 nm by using a vertical resolution non-contact surface profiler with the technique of white light interferometric microscope. From the SEM image of the sample surface as shown in Figure S2 , it is observed that the CsPbI3 is a continuous film. times ranging from 0.1 ps to 6.4 ps, respectively, where the pump light wavelength is 470 nm and its photon energy is 2.6 eV. It was found that the TA spectra became very different and complicated if the CsPbI3 was unstable and had a phase transition, of which an example is shown in Figure S3 in the supporting information. So the beautiful TA spectra as shown in Figure 2 confirm that the crystal phase was stable during the TA measurements. There is no electron or hole transfer from CsPbI3 to Al2O3, therefore, hot carrier relaxation dynamics in CsPbI3 can be studied without considering any effect of charge transfer. As shown in Figure 2 , a bleaching peak at 1.8 eV is observed clearly for all delay times, which corresponds to the optical absorption peak of CsPbI3 as shown in Figure 1 (b) and is called the "band-edge peak" here. Around 0.1 ps, a broad bleaching peak appears at about 2.0 eV well below the pump light energy (2.6 eV) and is called the "hot carrier peak" here. The appearance of the "hot carrier peak" indicates a non-thermal equilibrium hot carrier distribution at the very early time after light excitation. Then, as the delay time increases up to 0.3 ps, the "hot carrier peak" disappears. These changes in the TA spectra versus time reflect a clear out-of equilibrium redistribution of carriers through many-body carrier-carrier scattering mechanisms, before the creation of thermalized carrier distributions by phonon emission. 45, 47 Meanwhile, a negative TA peak appears just below the bandgap (1.75 eV), which is considered to be due to the interplay between bandgap renormalization and the hot-carrier distribution. 39, 40 For delay times larger than 0.3 ps, the "hot carrier peak" disappears and the high-energy tail of the spectrum broadens simultaneously (here called the "hot carrier bleach") as a result of carrier thermalization through carrier-carrier scattering. These results indicate that a quasi-thermal equilibrium of the charge carriers is finally reached at around 0.3 ps after generation, which is the initial thermalization as mentioned above. 48 For times longer than 0.3 ps, the distribution of the carriers, which are in quasi-thermal equilibrium, can be considered to depend only on an effective carrier temperature TC. This process corresponds to the hot carrier cooling. TC is calculated by fitting the TA spectra above the band edge (between 1.93 eV and 2.1 eV) to a Boltzmann distribution. 39, 40 Figure 3(a) shows an example of the fitting result, describing the high energy tail with a Boltzmann distribution. For such calculations, we assume the following facts: (1) the TA signal is proportional to the change in absorption coefficient, i.e., ∆ / ∝ ∆α; (2) the density of states is approximately constant in the analyzed region, i.e., the high energy tail; and (3) eV, which is only about 0.1 eV larger than the bandgap energy of CsPbI3. As a result, there is no obvious broadening in the high energy tail, indicating almost no hot carriers existing in this case. . Normalized TA spectra of CsPbI3/Al2O3 for times from 0.2 ps to 9.4 ps. For TA spectra measurements, the pump light wavelength is 650 nm (pump energy is 1.9 eV) and the photoexcited carrier density is 7×10 17 cm -3 . Based on the above results, we have observed two processes for hot carrier relaxation from excitation to cooling down to the lattice temperature (i.e., the room temperature) in CsPbI3 under our experimental conditions. The first process is the initial thermalization. The non-equilibrium distribution of photoexcited carriers was produced initially, and then an ultrafast out-of equilibrium redistribution of carriers occurs through carrier-carrier scattering to reach a quasi-equilibrium by up to 0.3 ps. In semiconductors, the initial thermalization process related to many-body effects (such as carrier-carrier scattering, carrier-optical phonon scattering) depends strongly on many factors such as carrier density, physical properties of the sample. Typically, the thermalization time was reported to be less than 1-2 ps in bulk semiconductor. 45, 48 So the thermalization time of 0.3 ps observed in the CsPbI3 here is thought to be reasonable. This time is a little slower compared to the reported time of 100 fs in MAPbI3. 39, 40 The reason for this difference will be studied and made clear. The second one is the carrier cooling process. In this process, fast hot carrier cooling occurs on a time scale of sub-ps and slower hot carrier cooling occurs on a time scale from a few ps to a few 10 ps. The fast cooling process is considered to reflect the initial electron-phonon interaction before reaching hot-phonon condition, and the following slow cooling process is due to the hot phonon bottleneck effect. 39 Similar fast hot carrier cooling processes have been observed for MAPbI3 39 40 for different excitation intensities. However, the slow hot carrier cooling process can only be observed under the condition of high excitation intensity where the hot-phonon distributions can be created. 40 These findings indicate that inorganic cation Cs in the perovskite seems to have similar effect on hot carrier cooling as the organic ions (MA or FA) reported in references 39 and 40. The hot carrier cooling dynamics observed in the bulk CsPbI3 film in this study is quite slower compared to those observed in the CsPbI3 nanocrystals. 44 This result suggests that there may be some intrinsic difference in the hot carrier relaxation processes between the bulk CsPbI3 and the CsPbI3 nanocrystals. A possible explanation may rely on subtle structural differences. Polymorphism indeed affects the cubic black phase of CsPbI3 leading to slightly distorted black phases different from the yellow phase. 49 The competition between these polymorphs and the yellow phase, may result from the strong phonon anharmonicity predicted for the cubic phase and the structural instabilities at various points of the Brillouin zone. 50 It is also known from the exciton fine structure, that polymorphism affects in a similar way CsPbBr3 nanocrystals depending on the size and the growth procedure. 51 However, other explanations related to the role of surface states in nanocrystals cannot be ruled out and are difficult to infer from the present results on thin films.
In conclusion, we elucidated the hot carrier cooling dynamics in CsPbI3 perovskite. We find that a non-thermalized carrier population is created within a few 100 fs after excitation. Hot carriers cool slowly to reach the room temperature in a few 10 ps for higher photoexcited carrier density, which originates from a bottleneck of the carrier-phonon interactions. Our findings shed light on the potential application of CsPbI3 to hot carrier solar cells.
See supplementary material for experimental methods, XRD patterns of the CsPbI3 perovskite measured soon after preparation and 2 h after preparation, SEM images of the sample surface, as well as TA spectra of the CsPbI3 perovskite after phase transition. 
